Abstract The lateral and third ventricles, as well as the corpus callosum (CC), are known to be affected in schizophrenia.
es at follow-up. Bilateral LV and third ventricle volumes were significantly increased, while central CC volume was significantly decreased in patients compared to controls at baseline and at follow-up. In FESZ, the bilateral LV volume was also inversely correlated with volume of the central CC. This inverse correlation was not present in controls. In FESZ, an inverse correlation was found between percent volume increase from baseline to follow-up for bilateral LVs and lesser improvement in the Global Assessment of Functioning score. Significant correlations were observed for abnormalities of central CC, LVs and third ventricle volumes in FESZ, suggesting a common neurodevelopmental origin in schizophrenia. Enlargement of ventricles was associated with less improvement in global functioning over time.
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Background
Increases in the volume of lateral ventricles (LVs) were among the first identified abnormalities in schizophrenia (Johnstone et al., 1976) and since that time increases in LVs volume remain among the most reliable volumetric abnormalities reported in schizophrenia (Kempton et al., 2010; Nakamura et al., 2007; Shenton et al., 2001) . Such increases are present not only in chronic schizophrenia patients but also in the early stages of disease (Nakamura et al., 2007; Shenton et al., 2001) . Changes in the corpus callosum (CC) are also described in schizophrenia, where the midsagittal area of the CC has been reported to be decreased in schizophrenia patients (Woodruff et al., 1995) , with effects more detectable in first episode than chronic schizophrenia (Arnone et al., 2008) . The diffusion tensor imaging significance of CC changes is being actively investigated (Fitzsimmons et al., 2013; Whitford et al., 2012; Kubicki and Shenton, 2015) .
The CC is the largest white matter tract in the brain and is essential in facilitating communication between the left and right brain. Anatomically and developmentally it is close to the LVs. The tapetum portion of the CC, which includes most of the fibers connecting the left and right hemisphere, covers the central portion of the LVs. The roof of the occipital horn of the LV is formed by the fibers of the CC that pass to the temporal and occipital lobes. The occipital horns are shaped, in part, by myelination of the ventricular walls and association fibers of the CC. There is also close proximity between the CC and the third ventricle, as this ventricle rests on a narrow fissure below the CC (Lazo, 2014) .
Although the ventricular system and the corpus callosum are anatomically intimately connected, and share a common genetic background (Pfefferbaum et al., 2000) , no studies, to our knowledge, have explored the possibility that the ventricular system and the corpus callosum volume abnormalities are related in the early phase of schizophrenia.
Here we sought to identify co-variation in volume between the corpus callosum (CC) and the ventricles, and their correlations with clinical data in the early schizophrenia disease state. We studied first episode patients and age-and handedness-matched healthy controls at baseline and approximately 1.2-year follow-up.
Materials and methods

Participants
Thirty-eight individuals, 19 in their first episode schizophrenia (FESZ; 4 females), and 19 healthy controls (HC; 9 females), were recruited as part of the Boston Center for Intervention Development and Applied Research (CIDAR) study (www. bostoncidar.org), BVulnerability to Progression in Schizophrenia^. HC were recruited from the general community via Internet advertisements. FESZ were recruited from local hospital and outpatient clinics affiliated with Harvard Medical School, or through referrals from clinicians. The study was approved by the local IRB committees at Harvard Medical School, Beth Israel Deaconess Medical Center, Massachusetts General Hospital, Brigham and Women's Hospital, and the Veteran Affairs Boston Healthcare System (Brockton campus). All study participants gave written informed consent and received payment for participation.
HC were drawn from the same geographic base as the FESZ group with comparable age, gender, race and ethnicity, handedness, and parental socioeconomic status (PSES). No HC met criteria for any current major DSM-IV-TR Axis I disorders, or any history of psychosis, Major Depression (recurrent), Bipolar disorder, Obsessive Compulsive Disorder, Post Traumatic Stress Disorder, or developmental disorders. Controls were also excluded for any history of psychiatric hospitalizations, prodromal symptoms, schizotypal or other Cluster A personality disorders, first degree relatives with psychosis, or any current or past use of antipsychotics (other past psychotropic medication use was acceptable, but the subjects must have been off medicine for at least 6 months before participating in the study, except for as needed medications like sleeping medications or anxiolytic agents, such as beta-blockers for performance anxiety, tremors, etc.). Exclusion criteria for all participants were: sensory-motor handicaps, neurological disorders, medical illnesses that significantly impair neurocognitive function, diagnosis of mental retardation, education less than 5th grade if under 18 or less than 9th grade if 18 or above, not fluent in English, DSM-IV-TR substance abuse in the past month, DSM-IV-TR substance dependence, excluding nicotine, in the past 3 months, current suicidality, no history of ECT within the past five years for patients and no history of ECT ever for controls, or study participation by another family member. In addition, HC subjects, recruited from the general community, were screened to exclude individuals with Axis I disorder in themselves or in a first-degree relative.
Clinical diagnoses were based on interviews with the Structured Clinical Interview for DSM-IV-TR (SCID), Research Version (First et al., 2002) or the Kid-SCID (Hien et al., 1994) for subjects <18, as well as information from available medical records. All FESZ participants met DSM-IV-TR criteria for either schizophrenia (N = 16), or schizoaffective disorder (N = 3). FESZ clinical symptoms were rated using the Scale for the Assessment of Negative Symptoms (SANS) (Andreasen, 1983) and Scale for the Assessment of Positive Symptoms (SAPS) (Andreasen, 1984) . For FESZ participants, the average time between first hospitalization and the baseline MRI scanning session was 0.7 ± 0.7 years (range 0.0-2.0 years).
All participants were evaluated using the Global Assessment of Functioning scale (Jones et al., 1995) (GAF). Parental socioeconomic status (PSES) was assessed using the Hollingshead four-factor index (Hollingshead, 1975) . Premorbid intellectual abilities were estimated using the Reading subtest of the Wide Range Achievement Test-4 (WRAT-4) (Wilkinson and Robertson, 2006) and current intellect was estimated using the Vocabulary and Block Design subtests of the Wechsler Abbreviated Scale of Intelligence (WASI) (Wechsler, 1999) . Fifteen of 19 FESZ were medicated at the time of testing. All subjects but one were medicated with second generation antipsychotics. Medication dosage was estimated using chlorpromazine (CPZ) equivalents (see Table 1 ) (For further subjects' information see (Del Re et al., 2014; del Re et al., 2015a) .
All demographic and clinical data are summarized in Table 1 .
MRI image acquisition
MR images were acquired on a 3-Tesla whole body MRI Echospeed system General Electric scanner (GE Medical Systems, Milwaukee). An eight-channel coil was used in order to perform parallel imaging using ASSET (Array Spatial Sensitivity Encoding techniques, GE) with a SENSE acceleration factor of 2. The structural MRI acquisition protocol included the following pulse sequence and parameters: contiguous inversion-prepared spoiled gradient-recalled acquisition (fastSPGR), TR = 7.4 ms, TE = 3 ms, TI = 600 ms, 10 degree flip angle, 25.6 × 25.6 field of view, and matrix = 256 × 256. The voxel dimensions were 1 × 1 × 1 mm.
MRI image processing
Each MRI scan was visually inspected for movement artifacts. Images were realigned to the anterior commissure-posterior commissure (AC-PC) line and to the sagittal sulcus to correct for head tilt. Multi atlas brain segmentation (del Re et al., 2015b J. Neuroimaging, 2015 was employed to automatically mask the brain. FreeSurfer 5.3 (Fischl et al., 2002) was employed to segment the scans and extract corpus callosum segmentations and ventricle sizes (Figs. 1 and 2).
Statistical analyses
All statistical analyses were performed with SPSS v. 22, the exception being effect sizes, which were calculated with G*Power 3.1, 2009 (Faul et al., 2007) .
MRI volume analyses
Repeated measures two-factors ANCOVA or univariate ANCOVA (for the third ventricle) were used with Group and Gender as a between-subjects factors to determine group differences in volumes at baseline. The lateral ventricle analysis included Hemisphere as a within-subjects factor (right versus left), and the corpus callosum analysis included the five segmentations of the corpus callosum. For all of these analyses, intracranial content volume was used as a covariate.
In order to determine volumetric changes between baseline and follow-up, percent change in volume between follow-up and baseline was calculated for each ROI according to the formula [(Value Follow-up -Value Baseline/Value Baseline)*100]. The Stoll (2009) and Woods (2003) percent changes of the volumes, now standardized, were all analyzed in one repeated measures ANCOVA (including eight ROIs as follows: right and left lateral ventricles, third ventricle, and the five segments of the corpus callosum). For this analysis the percent change in intracranial volume was used as a covariate. Please note that separate right and left LV percent volume changes were used in this analysis to determine whether the left and the right ventricles might have different percent volume changes between baseline and follow-up. Gender was included to determine whether different percent changes between baseline and follow-up would be present.
Correlation analyses
Correlations among MRI volumetric measures, and correlations between MRI volumetric measures and clinical/ functional measures were computed using Spearman's rho. We kept the number of correlations to a minimum in order to control for multiple correlations. For the LVs, the sum of right and left lateral ventricles, referred to as bilateral lateral ventricle, was employed in the correlation analyses as no main effect or significant interaction of Hemisphere had been found. Bonferroni correction was applied to all correlations as detailed below. For correlations between volumes, Bonferroni corrected threshold p value was set as follows: 0.05/3 correlations = 0.017 (bilateral LV, third ventricle, and central CC). For the clinical/functional data, the Bonferroni corrected threshold p value was calculated as follows: 0.05/ 12 correlations = 0.0042 and the variables were: Total SAPS, total SANS, GAF, CPZ equivalents and three regions, LV, central CC and third ventricle. A Chi-square test was used to compare categorical data.
Results
Subject group characteristics
FESZ and control groups did not differ in age, years of education, premorbid IQ, or current IQ, as summarized in Table 1 . Significant group differences were, however, found for the GAF (Table 1) .
Volumetric analyses at baseline
Left and right lateral ventricles
Findings showed a main effect of Group [F(1,33) = 9.7; p = 0.004] (Fig. 1) , with no main effect of Hemisphere [F(1, 33) = 3.55; p = 0.07) and no significant Group X Hemisphere interaction [F(1,33) = 3.96; p = 0.06].
There was also no main effect of Gender [F(1,33) = 0.174; p = 0.69] and no significant interaction of Group by Gender [F(1,33) = 0.242; p = 0.63]. In addition, there were no significant three-way interactions found.
The lack of hemisphere effect on LVs volumes prompted us to create one ROI comprised of the sum of the right and left LVs volumes, hereafter referred to as bilateral LVs, to be used in the correlational analyses. To confirm the appropriateness of this approach, a univariate ANCOVA of bilateral LVs was run. Results confirmed a significant main effect of Group [F(1, 33) = 9.6; p = 0.004] and a lack of other significant interactions.
Third ventricle
Univariate ANCOVA indicated a significant main effect of 
Correlations between volumes
To determine the relationship between LV, third ventricle and central CC, Spearman's rho correlation analyses were carried out in both controls and FESZ at baseline. In controls, volumes of the bilateral LV positively correlated with volume of the third ventricle (rho = 0.672, p < 0.05). In controls, there were no significant correlations between the volumes of the central corpus callosum and volume of the ventricles.
In FESZ, a positive, statistically significant correlation was found between the volumes of bilateral LVs and third ventricle (rho = 0.62, p < 0.05). At baseline, a statistically significant inverse correlation was also found between the volume of the bilateral LV and that of the central CC (rho = −0.59, p < 0.05) (Fig. 3) , and between the volume of the third ventricle and the volume of the central CC (rho = −0.681, p < 0.05).
Correlation between volumes and clinical and functional scales in FESZ
No significant correlations were found between volumes of the central CC, the bilateral LV or the third ventricle with SAPS and SANS total scores or GAF. There were no significant correlations between volumes and CPZ equivalents.
Correlation between baseline/follow-up volume changes and baseline/follow-up clinical and functional scales changes
Correlations between percent changes of clinical scales between baseline and follow-up with the percent changes in volumes for each region studied were also investigated. In FESZ, an inverse correlation was found between the percent volume change between baseline and follow-up of bilateral LV and the percent change in GAF (rho = −0.65, p < 0.05) (Fig. 4) .
Discussion
To our knowledge, this is the first report of both the ventricular system and CC in the same investigation in first episode SZ, a surprising fact considering that both LVs and CC abnormalities are hallmark features of the disease and intimately associated. Abnormalities of both CC and LVs appear together in neurodevelopmental syndromes such as agenesis, or partial agenesis of the CC, developmental disorders, which are themselves highly heritable (Bergen and Petryshen, 2012) . Thus, the goal of the present investigation was to explore the relationship between the corpus callosum and third and lateral ventricles' volumetric changes in first episode schizophrenia patients as the disease progressed. We hypothesized the existence of correlations between the volumes of the ventricular system and that of the corpus callosum in an early schizophrenia disease state (Alexander-Bloch et al., 2013; Pfefferbaum et al., 2000) . The first episode schizophrenia subjects were initially assessed about 0.7 years after first hospitalization, and again longitudinally at 1.2 years after baseline assessment, providing data on early disease and early progression beyond the acute psychotic outbreak. With the aim of standardizing the partitioning of the corpus callosum, we adopted FreeSurfer v5.3 automatic segmentation as this has been successfully used in several studies (Johnson et al., 2013; Francis et al., 2011; Salat et al., 2005) and very closely approximate other accepted corpus callosum segmentations (Hofer and Frahm, 2006; Witelson, 1989) .
At baseline, the volumes of the lateral and third ventricles were found to be significantly increased in FESZ compared to healthy controls. At follow-up, the initial volume increase found in the ventricles at baseline remained stable without change, i.e. there was no significant main effect of Time and no significant interaction of Group by Time. In the same population at baseline, there was a significantly smaller volume of the central part of the corpus callosum in FESZ with comparison to healthy controls. The decreased CC volume in FESZ compared to controls was also present at follow-up without significant effects of Time or significant interaction of Time by Group. The relationship between ventricular system and corpus callosum was explored by employing correlation analysis (Narr et al., 2002) . Strong positive correlations were found between volumes of the lateral and third ventricles in both controls and FESZ. A strong inverse correlation between volumes of the lateral ventricles and central corpus callosum, and an inverse correlation between volumes of the third ventricle and central corpus callosum were also found in FESZ. This inverse correlation between ventricles and CC was not present in controls.
Volume increases of the LVs are characteristic of schizophrenia (Brent et al., 2013; Kempton et al., 2010; Shenton et al., 2001 ) together with schizophrenia-associated changes of the corpus callosum (Arnone et al., 2008; Woodruff et al., 1995) . Nonetheless, research on the relation between abnormalities of the two structures in schizophrenia is very scant.
In chronic schizophrenia patients, morphology of the corpus callosum has been found to be related to structural differences in surrounding neuroanatomical regions, including volume of the lateral ventricles (Narr et al., 2000) .
Using a classic twin study design, only a few studies have focused on the genetic relationship between the corpus callosum and lateral ventricle volume. An investigation of a large sample of older monozygotic and dizygotic healthy male twins (Pfefferbaum et al., 2004; Pfefferbaum et al., 2000) has demonstrated that strong genetic (r g = 0.68) and environmental (r e = 0.58) correlations explain the relationship between corpus callosum height and lateral ventricle size (Pfefferbaum et al., 2000) . In a younger population of monoand dizygotic schizophrenia twins, no difference in callosal area was found between affected and unaffected twins, nonetheless callosal displacement and curvature were found to be related to lateral and third ventricles enlargement (Narr et al., 2002) . Interestingly, in this latter study, displacement of the dorsal surface of the CC was present in affected dizygotic twin compared to healthy siblings, while the same was found but half of the time in mono-zygotic affected twin with comparison to their healthy siblings, indicating that genetic influences rather than environmental ones contribute to callosal displacement in affected and un-affected monozygotic twins (Narr et al., 2002) .
More recently, a schizophrenia-associated single nucleotide polymorphism (SNP) in the microRNA 137 (MIR137) -one of the most significantly schizophrenia-associated SNPs fr om genome-wide associati on studi es (GWAS) (Schizophrenia Working Group of the Psychiatric Genomics, 2014) -has been shown to associate with enlarged lateral ventricles and decreased white matter integrity. The two measures were correlated in schizophrenia patients (Lett et al., 2013) . MIR137 regulates adult neural stem cell maturation and migration in the subventricular zone in close proximity to the lateral ventricles (Wright et al. 2015) . It also regulates gliogenesis, essential to white matter development (Silber et al., 2008) . Of note, in a completely independent study from that of Lett et al. (2013) . MIR137 has also been associated with worse functioning and severe cognitive deficits in schizophrenia (Green et al., 2013) .
Abnormal volumetric enlargement of the ventricular system has been shown to index and possibly predict what is defined as poor outcome Kraepelinian schizophrenia, characterized by severe lack of self-care, severe disturbance in socio-sexual functioning and severe negative symptoms (Mitelman and Buchsbaum, 2007; Cahn et al., 2006; DeLisi et al., 1992) . Within FESZ it has been shown that the greater the bilateral lateral ventricle progressive enlargement, the greater the change in the Brief Psychiatric Rating Scale withdrawal-retardation score (Nakamura et al., 2007) . In a longitudinal MRI and clinical measures study with follow-up at five years, patients with schizophrenia were sub-grouped into poor GAF score (N = 47) and good GAF score (N = 47) at the 5 year follow-up point, where GAF was the outcome variable of the longitudinal assessment. The poor outcome group, defined as poor GAF score, showed a larger increase in lateral ventricle volume (van Haren et al., 2008) .
The data presented here support those findings of the ventricular system as an index of functioning. In particular we demonstrate that changes in ventricular volumes between baseline and reassessment denote changes in social and global functioning measures.
With respect to the corpus callosum, volume of this tract has most often been found to correlate with positive symptoms (Nasrallah et al., 1985; Rotarska-Jagiela et al., 2008; Serpa et al., 2012; Whitford et al., 2010) , however, correlations have not necessarily been found with the body of the corpus callosum, the portion of the corpus callosum that was found to be abnormal in this investigation.
All in all, we speculate that these converging data may suggest that in schizophrenia shared relationships between corpus callosum and ventricles might be related by specific schizophrenia-associated mechanisms, possibly by gene polymorphisms such as, for example, the schizophrenia-associated variant of the MIR137 gene (Lett et al., 2013; Narr et al., 2000; Schizophrenia Psychiatric Genome-Wide Association Study, 2011) .
No progression of ventricular or corpus callosum volume abnormalities was found at one year follow-up in this investigation, perhaps because of the relatively short test-retest interval. In fact, comprehensive meta-analyses of longitudinal studies have unequivocally shown progressive enlargement of lateral ventricles in schizophrenia but progression was evaluated in studies where follow-up reassessment was considered in a range of one up to many years after baseline evaluation (Fusar-Poli et al., 2013; Kempton et al., 2010; van Haren et al., 2008) . The possibility that medication might slow the rate of ventricular enlargement in our particular sample of schizophrenia subjects was explored, but no correlations were found between volumes of the ventricles and chlorpromazine equivalents at baseline or follow-up. Indeed, ventricular enlargement in schizophrenia has been shown to be mostly independent from cumulative anti-psychotic treatment (Fusar-Poli et al., 2013) . With respect to the corpus callosum size, progression has been demonstrated in chronic schizophrenia but re-assessment was carried out at four years after baseline measurement (Mitelman et al., 2009) . We hypothesize that the rate of progression of ventricle volume enlargement and corpus callosum volume is slower in the phase of early, stable schizophrenia, and too subtle to be detected at one year follow-up. Furthermore, the complex interplay between schizophrenia, volumetric changes, age at MRI assessment and time interval to reassessment makes it difficult to compare longitudinal studies.
There are limitations to the research data presented here. The sample size is relatively small, and almost all of the schizophrenia subjects were medicated. However, no medication effects could be demonstrated through correlation analyses between chlorpromazine equivalents and volumetric measures of the ventricles or the corpus callosum. Nonetheless, future studies in larger schizophrenia samples and in clinical high-risk subjects will be important for validating the present results.
In summary, we have demonstrated stable volumetric enlargement of the ventricular system that correlates inversely with stable volumetric decreases of the central corpus callosum in first episode schizophrenia patients assessed 0.7 years after first hospitalization. Our data support a model that implicates schizophrenia specific mechanisms in shaping the relationship between the ventricle system and the corpus callosum. We hypothesize that the relationship might be due to schizophrenia-associated common genetic mechanisms. As the ventricular system is easily identified and easily measurable on MRI, we propose that monitoring changes in ventricle volumetric features might help understand global and social functioning in schizophrenia patients. Thus, it will be important to further investigate the relationship between ventricles and corpus callosum, diffusion tensor measures related to the corpus callosum and especially the central portion of it, environmental insults, and their genetic and clinical correlates in a very large sample of schizophrenia subjects.
